Abstract: Nylon 11 nanocomposites with different montmorillonite loadings were successfully prepared by melt compounding. XRD and TEM show the exfoliated nanocomposites are formed at low montmorillonite concentration (less than 2 wt%) and the intercalated nanocomposites are obtained at higher montmorillonite contents. TGA shows that the thermal stability of the nanocomposites is improved by 27 0 C when the montmorillonite content is only 2wt%. At the same time, The crystallization behavior of nylon11/montmorillonite nanocomposites has been studied by means of XRD, DSC.The Avrami equation described well the isothermal crystallization behavior of nylon11 and nylon11/montmorillonite nanocomposites. The results showed that the montmorillonite acted as the nucleating agent and facilitated the crystal growth rate of nylon 11 matrix. The incorporation of montmorillonite did not change the crystal morphology of nylon 11 but increased the crystallization temperature and decreased the crystallization activation energy, which lead to a easy crystallization of nylon11. Mechanical testing shows that the Izod impact strength of all nanocomposites are higher than that of the neat nylon 11, but the tensile strength of the nanocomposites decrease at low nanofiller concentrations (less than 8wt%) and then increased, when the montmorillonite content is 10wt% ,the tensile strength of the nanocomposite is 5% improved than neat nylon 11. This is may be due to the strong interaction between the nylon 11 matrix and the montmorillonite interface.
Introduction
The use of montmorillonite as fillers in polymers has received considerable attention in recent years [1] [2] [3] [4] . Studies have repeatedly shown that dispersing individual high aspect ratio montmorillonite platelets leads to dramatic property enhancements, e.g. increased stiffness and strength, improved barrier properties, and better dimensional stability at very low filler concentrations [5] [6] [7] [8] . Generally, three methods for the formation of polymer montmorillonite are mainly used [9] [10] : (1) Intercalation of monomers followed by in situ polymerization; (2) Direct intercalation of polymer chains from solution; (3) Polymer melt intercalation. Each of these methods has its advantages and disadvantages. For example, the direct melt intercalation into montmorillonite layers is a preferred process for the formation of hybrid materials not only with respect to environmental issues (solvent free), but also due to the ease of fabrication for its promising commercial applications [11] [12] . Depending upon the interaction between the montmorillonite and the polymer, the dispersion of montmorillonite particles in a polymer matrix results in the formation of three types of composite materials .The first type is conventional phase separated composites in which the polymer and the inorganic host remain immiscible resulting in poor mechanical properties of the composite material. The second type is intercalated polymer-montmorillonite nanocomposites, which are formed by the insertion of one or more molecular chains of polymer into the interlayer or gallery space. The last type is exfoliated or delaminated polymer-montmorillonite nanocomposites, which are formed when the montmorillonite nanoclays are individually dispersed in the continuous polymer matrix [13] [14] [15] . Exfoliated polymer/montnorillonite nanocomposites are especially desirable for improved properties because of the large aspect ratio and homogeneous dispersion of montmorillonite and huge interfacial area between polymer chains and montmorillonite nanolayers.
A lot of investigations on preparation, characterization and mechanical property [16] [17] [18] , on the influences of crystalline structure [19] and morphology of nylon 6 due to montmorillonite addition [20] , on thermal degradation [21] and rheology [22] have since been reported, but to the best of our knowledge, a few studies on nylon 11/montmorillonite have been reported [23] . Nylon 11 is an important commercial polyamide with excellent piezoelectricity and mechanical properties and used in a large range of industrial fields from automotive to offshore applications. In this study, a series of nylon 11 nanocomposites with different content montmorillontes has been prepared by direct melt-compounding and their morphologies as well as thermal and mechanical properties have been characterized.
Results and discussion

Nanostructure and morphology
The montmorillonite dispersion within nylon 11 matrix has been characterized by both XRD and TEM. Fig. 1 illustrates the XRD patterns for neat nylon 11 and its nanocomposites with different montmorillonite concentrations. The XRD pattern of the montmorillonite shows a reflection peak at about 2θ =4.8°,corresponding to a spacing of 1.9 nm. MMT n e a t PA1 1 PA1 1 / mo n t ( 9 8 / 2 ) PA1 1 / mo n t ( 9 5 / 5 ) PA1 1 / mo n t ( 9 2 / 8 ) PA1 1 / mo n t ( 9 0 / 1 0 ) Fig. 1 . XRD patterns of the montmorillonite, neat nylon 11 and its nanocomposites.
As a result, after incorporating with nylon 11 by melt compounding the basal plane of montmorillonite disappears in the XRD patterns for the obtained nanocomposites with montmorillonite loading levels of 2%. The absence of basal plane peaks indicates the delamination and dispersion of the montmorillonite nanoclays within the nylon 11 matrix, i.e. the formation of an exfoliated nanostructure.
But when the montmorillonite loading levels increased, the basal plane of montmorillonite reappears in the XRD patterns, the reflection peak shifted toward smaller angles. The reflection peaks were respectively about at 2θ =2.5°, 4.3°, 4.3°, corresponding to a spacing of 3.5 nm, 2.05 nm.,2.05 nm, when the montmorillonite loading levels were 5%, 8%,10%. This indicated the formation of an intercalation nanostructure. The TEM photomicrographs in Fig. 2 provide more conclusive evidence of the extent of montmorillonite dispersion and support the interpretation of the X-ray results given above. Two TEM images (a) and (b) show different dispersions for nylon 11 nanocomposites containing montmorillonite of 2% and 8%, respectively. It can be seen that the montmorillonite platelets (separated dark lines) are homogeneously dispersed in the nylon 11 matrix in both cases. Clearly, the former (the montmorillonite loading is 2%) is a typical characteristic of disordered and exfoliated montmorillonite nanostructure; whereas the latter (the montmorillonite loading is 8%) is typically ordered intercalated montmorillonite morphology.
Thermal stability
The thermal stability of neat nylon 11 and the nanocomposites have been investigated by TGA under nitrogen flows (Fig. 3) . From the Fig. 3 we can obtain the decomposition temperature (at the weight loss of 5%) of the neat nylon 11 and its nanocomposites ( Table. 1). Table. 1 clearly shows that the decomposition temperature is significantly improved by 27 0 C than neat nylon 11, when the montmorillonite concentration is 2%. Whereas when the montmorillonite concentration increased continually, the decomposition temperature decreased. The nanocomposite degrades at temperature 4 0 C and 25 0 C inferior to the degradation of the neat nylon 11, when the montmorillonite concentration is 5% and 10%, respectively. However all the TGA traces show a shift to higher temperatures at 50% weight loss for nylon 11/montmorillonite than neat nylon 11. It is usually well accepted that the improved thermal stability for polymer/montmorillonite nanocomposites is mainly due to the formation of char which hinders the out-diffusion of the volatile decomposition products, usually observed in exfoliated nancomposites. For the studied nylon 11/montmorillonite system, when montmorillonite loading is 2% exfoliation dominates, char forms easily and effectively and consequently promotes the thermal stability of the nanocomposites. At higher montmorillonite loading level, the intercalated is dominant, so the thermal stability of the nanocomposites decreased.
Tab. 1. The decomposition temperature (at the weight loss of 5%) of the neat nylon 11 and its nanocomposites. Nylon 11 is a high-performance semicrystalline polymer, it exhibits at least five crystalline forms including the α form resulting from annealing or the quenched sample or solution casting from m-cresol, the   form obtained from melt crystallization, the δ form corresponding to a high-temperature α form, the   obtained from melt quench, and the γ form obtained by solution casting from trifluoroacetic acid. The α and  forms have a triclinic structure, but the latter three forms are pseudohexagonal [24] . projected interchain distance within a hydrogenboned sheet and the inter sheet distance, respectively. It is indicated that the addition of montmorillonite does not change the crystalline structure of nylon 11. Fig. 4 . X-ray diffraction scans for nylon11 and nylon11/mont nanocomposites.
The DSC curves at the cooling rate of 10 0 C/min of both nylon 11 and nylon 11/montmorillonite nanocomposites are presented in Fig. 5 . As can be seen, only one exothermetic peak occurred for both pure nylon 11 and its nanocomposites. it is indicated that nylon 11 and its nanocomposites exist as same crystalline  form at the cooling process. But compared with that of pure nylon 11, the exothermetic peak for nanocomposite shift to higher temperature and become broader, which revealed that the montmorillonite may serve as a nucleating agent and increased the crystallization temperature of nylon 11. At the same time, since the strong interaction between the montmorillonite and nylon 11 matrix restrict the mobility of nylon 11 molecular chain, and thus retards the crystal growth, and, in turn, lead to the formation of imperfect crystals.
-0. The crystallization kinetics of nylon 11 and nylon 11/montmorillonite nanocomposites can be analyzed by using the classical Avarami equation as given in eq. (1) (2) To convert conveniently with the operation, eq. (1 ) can be transformed into,
Where a is the development of crystallinity at time t. The fraction of a is obtained from the area of the exothermic peak in DSC isothermal crystallization analysis at a crystallization time t divided by the total area under the exothermic peak. Where the numerator is the heat () c Xt generated at time t and the denominator is the total heat () c X  generated up to the complete crystallization. Plot of )] 1 ln( lg[ a   versus t lg were constructed for the isothermal crystallization of nylon 11 and its nanocomposites are shown in Fig. 4 , all of these plots were linear. The crystallization rate constant k and the Avrami exponent n can be obtained using eq.(3) from the intercept and slope of the best-fitting line, respecitvely. Using n and k values thus obtained, the crystallization half time, 2 / 1 t , can be calculated from eq. (4) and their values are presented in Table 2 . For a given specimen, the crystallization half time, 2 / 1 t , increases with the increasing crystallization temperature, while the inverse effect is observed for the crystallization rate constant k. Furthermore, for a as the amount of, the crystallization half time, 2 / 1 t , reduced with the increasing montmorillonite concentration at a given crystallization temperature. It confirmed further that the incorporation of montmorillonite increases the crystallization rates of nylon 11. The n values of the various nylon 11/montmorillonite nanocomposites are in the range of 1.9~2.4 according to the crystallization temperature. In general, a value of n close to 3 may represent an athermal nucleation process followed by a three-dimension crystal growth. On the other hand, the value of n=1.9~2.4, indicates that the crystal growth do not occur in three dimensions at an equal rate. The crystallization process for nylon 11 and its nanocomposites is assumed to be thermally activated, the crystallization rate constant k can thus be approximately described by the following Arrhenius form [25] : 
Tab. 2. Kinetical parameters and
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Where K 0 is a temperature-independent preexponential factor, R is the gas constant, and ΔE is the crystallization activation energy, ΔE can be determined by the slope coefficient of plots of (1/n) lnk vs. 1/T. The value of the activation energy for the nylon 11 nylon 11/mont95/5 nylon 11/mont95/10 is 374.5kJ/mol, 315.1 kJ/mol, 267.4kJ/mol, respectively. It is revealed that the addition of montmorillonite make nylon 11 matrix crystallize more readily.
Mechanical properties
Tensile and Izod impact properties were measured to evaluate the reinforcing effect of the montmorillonite. Fig. 7 summarized these properties of the nylon11/montmorillonite nanocomposites as a function of the montmorillonite content. Obviously, the Izod impact strength of all nanocomposites is higher than that of the neat nylon 11. This is quite contrary to the results from previous investigations of nylon 6/ montmorillonite nanocomposites who claim nylon 6/montmorillonite nanocomposites are inferior or similar to neat nylon 6 in terms of Izod impact strength [26] . As the montmorillonite loading increased to 5wt% the Izod impact strength reaches a maximum (114J/m), this is 155% improved than neat nylon 11. Further increase in montmorillonite loading gives lower impact strength. On the other hand, the tensile strength of the nanocomposites decreases at low nanofiller concentrations (less than 8wt%) and than increased, at higher montmorillonite content (such as 10wt%), the tensile strength of the nanocomposite is 5% improved than neat nylon 11. Although the exact mechanism of improved Izod impact strength for nylon 11 nanocomposites is currently not clear, such behavior is probably associated with that at low montmorillonite loading (less than 5wt%), the interaction between montmorillonite and nylon 11 matrix is strong and montmorillonite platelets as stress concentration can grow craze and then make shear yield of nylon matrix, this absorb large quantities of energy, so the Izod impact improves. At high montmorillonite loading, the interaction between montmorillonite and nylon 11 matrixes is so strong that makes the polymer become rigid, so the toughness deceased, at the same time tensile strength improved.
Conclusions
Nylon 11/montmorillonite nanocomposites were prepared by melt compounding using twin-screw extruder. XRD and TEM show the exfoliated nanocomposites are formed at low montmorillonite concentration (less than 2wt%) and the intercalated nanocomposites are obtained at higher montmorillonite contents. TGA shows that the thermal stability of the nanocomposites is improved by 27 0 C when the montmorillonite content is 2wt%. However the thermal stability decreases at higher montmorillonite concentrations probably owing to relatively poor montmorillonite dispersion. Crystallization behavior shows the montmorillonite acts as a nucleating agent and facilitates the crystal growth rate. The incorporation of montmorillonite can not change the crystal morphology of nylon 11 but increases the crystallization temperature and decreases the crystallization activation energy. At the same time, the Avramie equation can well describe the isothermal crystallization behavior of nylon11 and nylon11/ montmorillonite nanocomposites. Mechanical testing shows that the Izod impact strength of all nanocomposites is higher than that of the neat nylon 11. As the montmorillonite loading is 5wt% the Izod impact strength reaches a maximum (114J/m), this is 155% improved than neat nylon 11. The tensile strength of the nanocomposites decreases at low nanofiller concentrations (less than 8wt%) and than increased, when the montmorillonite content is 10wt% ,the tensile strength of the nanocomposite is 5% improved than neat nylon 11.
Experimental part
Materials and sample preparation
Nylon 11 was prepared in our laboratory. The organically modified montmorillonite were supplied by Zhejiang Fenghong Nanocor Inc (China). The supplier does not provide the detailed information on the structure of the montmorillonite. Since polyamides are very easy to absorbed moisture, prior to compounding all the samples were dried in vacuum oven at 80 0 C for 24 h in order to remove the absorbed water. A series of nylon 11/montmorillonte nanocomposites containing 2,5,8,10 wt% montmorillonite were prepared via melt compounding method using a twin-screw extruder at 210 0 C with a screw speed of 100 rpm.
X-ray diffraction (XRD)
X-ray diffraction patterns of the as-extruded samples were recorded using a Bruker D8 ADVANCE diffractometer with area detector operating under a voltage of 40 KV and a current of 40mA using Cu Ka radiation .The scanning rate was 4°/min.
Transmission electron microscopy (TEM)
The TEM micrographs were taken using a Philips EM 301 transmission electron microscope, TEM. Ultra -thin section (50 nm) were cut from Izod bars perpendicular to the flow direction under cryogenic conditions.
TGA measurements (TGA)
Thermogravimetric analysis was performed under nitrogen flows from 50 to 800 0 C at a heating rate of 10 0 C/min by using a NETZSCH STA 449.
Differential scanning calorimetry(DSC)
Differential scanning calorimetry(DSC) analysis was performed under nitrogen flows by using a NETZSCH DSC204. Samples of 5±0.01mg were used. The heating and cooling rate were all at 10℃/min. Isothermal crystallization tests were performed at 165,170 and 175 ℃.The samples were heated to 230 0 C, stayed there for 10 min to eliminate residual crystals, then cooled at 100 0 C/min to the designated crystallization temperature.
Mechanical testing
The tensile properties were determined at room temperature using an Instron Universal Testing Machine (Model 1130) at a crosshead speed of 50 mm/min according to the ASTM D638. The notched Izod impact strength was measured with a SUMITOMO impact tester according to the ASTM D256. Five measurements were carried out to obtain each data point.
